ABSTRACT. In the present paper, the influence of eutectic and intermetallic phases on cavitation resistance of Al-Si alloys was studied. In fact, Al-Si alloys are commonly used for the production of components, such as cylinders, pistons, pumps, valves and combustion chambers, which in service may incur in cavitation phenomenon. Samples of AlSi3, AlSi9 and AlSi9CuFe were characterized from the microstructural point of view. Hardness measurements were also performed. Subsequently, cavitation tests were carried out according to ASTM G32 standard and the erosion mechanism was examined by scanning electron microscope. It was found the both eutectic and intermetallic phases enhance cavitation resistance, expressed in terms of mass loss. Particularly, intermetallic particles with complex morphologies provide a positive contribution, exceeding that of other microstructural features, as grain size. The effect of T6 heat treatment was also evaluated. It was confirmed that the precipitation of fine strengthening particles in the Al matrix successfully hinders the movement of dislocations, resulting in a longer incubation stage and a lower mass loss for heat-treated samples in comparison with as-cast ones. Finally, the relationship between cavitation resistance and material hardness was investigated. 
INTRODUCTION
avitation erosion is a mechanical damage that occurs when a component is in contact with a liquid in particular pressure conditions [1] since gas or vapor bubbles can nucleate and subsequently collapse due to pressure fluctuations in the fluid. The energy associated to this bubbles collapse is significant and it can cause remarkable stress on the surface of the metallic component located in the surrounding areas [2] . In fact, these violent collapses produce C liquid micro-jets that are directed toward the surface, leading to its progressive roughening and plastic deformation [3] [4] . The repetition of this loading condition can cause material removal and, finally, the failure of the component itself [5] . Typical components that can be exposed to cavitation erosion are hydrofoils, pipelines, hydraulic pumps, and valves [1] . Various studies are available in scientific literature regarding the characterization of cavitation erosion resistance of different alloys, as such as steels [6] [7] , cast irons [8] , titanium and nickel alloys [3, [9] [10] . Furthermore, numerous attempts to develop cavitation erosion models based on bulk mechanical properties [11] [12] [13] were performed in order to predict the erosion performance of metallic materials. At this regard, some authors report the hardness as an indicator of the erosion resistance. Nevertheless, these models reached limited success in prediction erosion damage, as well as the attempt to correlate cavitation resistance and hardness [14] [15] . Damage due to cavitation can occur also on various aluminum automotive components, as such as cylinders and pistons, combustion chambers, etc. [1, 16] . For this reason, over the years, several studies have been performed in order to investigate the cavitation erosion resistance also of aluminum alloys and to correlate it to microstructural and mechanical properties. Concerning the family of wrought alloys, various alloys belonging to the Al-Cu, Al-Mg, Al-Si-Mg or Al-Zn-Mg families were tested in different conditions [14, 17] taking also into account the influence of real erosion environments, as for instance the presence of aggressive fluids or slurries [8, 18] . For casting alloys, in general, it was found that Al alloys resistance is strongly affected by several microstructural properties, as such as grain size, number of interfaces between different phases, presence and morphology of secondary phases [14] [15] [19] [20] . This is not surprising since various studies report the influence of eutectic [21] [22] and intermetallic phase [23] [24] [25] , as well as the role of grain size [26] [27] , on other mechanical properties. It should also be mentioned that casting manufacturing produces defects like porosities, non-metallic inclusions, and segregations [28] that could represent preferential site for erosion damage. In order to enhance microstructural and mechanical properties of casting alloys, the effect of Al-Si composites reinforced with particles or fibers of silicon carbide and alumina was also evaluated [29] [30] . Furthermore, it is well known that a proper choice of heat treatment parameters can increase several mechanical properties [31] [32] [33] . For this reason, the influence of heat treatment on cavitation resistance was investigated and various studies demonstrated the beneficial contribution of age hardening on reducing material damage [14, [19] [20] . Considering the erosion mechanism, under continuous exposure to cavitation, it is reported in scientific literature that the initial undulations of the exposed surface gradually develop into craters and material is lost by necking of the rims of the craters, flaking and dislodging of secondary phases [1, 3, 14, 19] . Hence, it appears evident a dependency of cavitationerosion behavior on the alloy microstructure, not simply related to the heat treatment effect. Nevertheless, a complete characterization of the erosion mechanism of Al casting alloys as a function of eutectic and intermetallic phases is not available in scientific literature. Therefore, in the present study, the cavitation resistance of different Al-Si alloys was evaluated in order to individuate the effect of Si and intermetallic particles on erosion resistance.
MATERIALS AND METHODS
he cavitation erosion resistance of three Al-Si-Mg alloys with different contents of alloying elements was evaluated. In particular, the performance of AlSi3Mg and AlSi9Mg alloys, with 3 and 9 wt. % Si respectively, was studied in order to investigate the effect of Si content, i.e. the eutectic content, on erosion resistance. On the other hand, the addition of Cu and Fe to AlSi9Mg alloy allowed the authors to examine also the influence of intermetallic particles. The mean chemical composition of the tested alloys, measured by an optical emission spectrometer, is shown in Tab. 1. Samples of the alloys were gravity cast in a permanent mould as cylinders, with diameter of 26 mm and height of 60 mm. In all cases, the mould was pre-heated at 180°C and each alloy was poured 50°C above their specific liquidus temperature. The microstructure of samples was observed by means of an optical microscope Leica DMI 5000 M., equipped with LAS image analyser; the samples were polished up to mirror finishing. Regarding microstructural characterization, Secondary T Dendrite Arm Spacing (SDAS) measurements were performed with the intercept method. Five images at 50x magnification were examined for each alloy and average values and standard deviation were calculated. In addition, grain size was evaluated for the three studied alloys. Samples for grain size measurements were electrochemically etched in a 2% fluoroboric acid (HBF 4 ) solution and observed under polarised light. Finally, the average area fraction of intermetallic particles for AlSi9CuFe alloy was calculated by means of LAS software for image analysis in order to thoroughly characterize the microstructure of the alloys. The effect of heat treatment was additionally studied for samples of AlSi9Mg and AlSi9CuFe alloys [14] , in order to compare its contribution on material resistance and the influence of intermetallic particles. Samples of both the alloys were solution treated at 520 °C for 4.5 h, then quenched in water at 65°C and aged at 175 °C for 3 h according to industrial parameters for this family of alloys [34] .
Si
The average hardness of all the samples (as-cast and heat-treated) was measured by means of Brinell method with a Galileo Ergotest Comp25 apparatus (LTF Galileo Italy) applying a load of 613 N for 10 s and using a ball of 2.5 mm of diameter as an indenter. The measurement was repeated 5 times for each alloy and average values and standard deviation were calculated. Samples for cavitation tests were machined from the castings as cylinders with diameter of 18 mm and with a proper thread in order to be screwed to the sonotrode, as described in ASTM G32 standard according to the direct method [35] . The test equipment consists of a 20 kHz ultrasonic transducer to which is attached a suitably designed titanium waveguide (Ti6Al4V) and an Inconel 625 horn.
During the experiments, specimen and horn were immersed in a tank filled with tap water, whose temperature was maintained at 25 ± 1 °C. A schematic representation of the testing apparatus is shown in Fig. 1 .
Tests were periodically interrupted and samples were removed in order to measure the mass loss as a function of the exposure time, according to the ASTM G32 standard. Three samples were tested for each examined condition in order to obtain reliable results. The total test duration was set at 8 h. Then, the collected data were processed in order to obtain incubation period, erosion rate and total mass loss. The incubation period is defined as the initial stage of the erosion process during which the mass loss is zero or negligible compared to later stages [35] . Furthermore, in order to investigate the evolution of the erosion mechanism, exposed surfaces were observed by means of Scanning Electron Microscope (SEM) LEO EVO 40 coupled with an Oxford Energy Dispersive Spectroscopy (EDS) probe for elemental analysis. In particular, in order to study the initial stages of the erosion process, and to estimate a correlation between cavitation-erosion resistance and alloy microstructure, the samples were observed after 2, 5 and 30 minutes of cavitation exposure. Finally, samples were also analyzed at the end of the test to thoroughly characterize the morphology of the eroded surfaces.
RESULTS AND DISCUSSION

Microstructural characterization
he microstructure of AlSi3 and AlSi9 alloys is shown in Fig. 2 . The larger amount of eutectic phase (dark gray in the micrographs) for AlSi9 alloy (Fig. 2b ) is due to the higher Si content than in AlSi3 alloy ( Fig. 2a) , as expected. In fact, according to lever rule, AlSi3 alloy contains approximately 13 wt. % of eutectic phase, while for AlSi9 it raises up to 67 wt. %. After heat treatment, the spheroidization of eutectic Si particles is visible (Fig. 2c ). Analogously to AlSi9 alloy, AlSi9CuFe alloy is characterized by a dendritic microstructure surrounded by eutectic phase in as-cast condition (Fig. 3a) , while the heat treatment causes the spheroidization of Si particles (Fig. 3b ). For this alloy, analyses at higher magnification were carried out by means of SEM in order to identify the presence and chemical composition of intermetallic particles, due to the addition of Cu and Fe. As shown in Fig. 4 , in fact, several intermetallic compounds with various morphologies (Chinese-script, acicular) were detected. Analyses by EDS probe (Tab. 2) confirmed the presence of significant content of Fe in the composition of most of these coarse particles, while Cu-based intermetallic phases (without Fe) were less abundant and with a finer size. Image analysis allowed identifying an average area fraction of intermetallic phases equal to 2.5 ± 0.2 %. Since intermetallic particles are mainly Fe-based, no significant effect of heat treatment was detected in terms of area fraction [24] . In order to complete the microstructural characterization of the alloys, calculated values of SDAS and grain size are shown in Tab. 3. It appears that the alloys exhibit comparable values of SDAS, even though slightly lower for AlSi9CuFe, while significant differences were detected in terms of grain size. In fact, AlSi9CuFe alloy is characterized by an average grain size more than double the value measured for the other alloys. This is likely due to the decrease in solidus temperature from 577 °C for AlSi9 alloy to 535 °C for AlSi9CuFe alloy, because of Cu and Fe addition. This means that the solidification range is significantly wider for the latter alloy and this can lead to a coarsening of grains since pouring and mold temperature were kept constant for all AlSi9 and AlSi9CuFe samples. Finally, Brinell hardness values are reported in Tab. 4. AlSi3 and AlSi9 alloy show comparable hardness, while AlSi9CuFe exhibits a higher value (approximately 20 % higher in comparison with AlSi9 alloy), likely due to the presence of intermetallic particles, which are characterized by greater hardness than the other phases and therefore can positively contribute to enhance this material property [34] . In addition, the effect of the heat treatment leads to an increase in hardness of 56 % for AlSi9 and of 44 % for AlSi9CuFe alloy. This is clearly caused by the precipitation of strengthening particles during T6 heat treatment and demonstrates the effectiveness of the heat treatment parameters applied. In fact, Mg2Si precipitation takes place in both the alloys since they contain Mg [36] . In addition, Al 2 Cu particles precipitates as well in AlSi9CuFe alloy during T6 heat treatment [37] .
Mg
AlSi3
AlSi9 AlSi9 T6 AlSi9CuFe AlSi9CuFe T6 Brinell hardness (HB) 60.2 ± 1.0 62.6 ± 0.5 97.9 ± 0.8 75.8 ± 1.5 109.1 ± 2.4 Table 4 : Brinell hardness of the studied alloys.
Cavitation resistance in terms of mass loss
The cavitation resistance of the studied alloys was evaluated in terms of mass loss vs. testing time. In order to make easier the comparison between different materials, first experimental data collected for the alloys tested in as-cast condition are shown in Fig. 5 . It appears that the behavior of AlSi3 alloy is significantly different from the other alloys already after the first 30 min of test. The comparison between AlSi3 and AlSi9 alloy is particularly interesting since these alloys exhibit the same hardness and comparable grain size, but a different amount of eutectic. This suggests that the microstructural features that characterize these alloys play an important role in the evolution of erosion mechanism, even though, at the end of the experiments, the total mass loss recorded for AlSi3 and AlSi9 alloy is fairly similar (Tab. 5).
On the other hand, AlSi9 and AlSi9CuFe alloys lost approximately the same mass during the first 5 h of testing, while for longer exposure a significant difference in material behavior emerges, with AlSi9CuFe exhibiting the greatest resistance to cavitation erosion. In detail, it showed a total mass loss about 18% lower than the corresponding alloy without intermetallics and about 24% lower than the AlSi3. In this case, the main microstructural differences between the AlSi9 and AlSi9CuFe alloys are the presence of intermetallic particles and grain size. Concerning the maximum erosion rate of the three compositions, the increase of eutectic percentage, from AlSi3 to AlSi9, determines a reduction of about 27%, while the presence of Cu and Fe intermetallic does not considerably affect this parameter.
As aforementioned, grain size is reported to have a significant influence on mechanical properties. In particular, regarding cavitation erosion, it is reported that fine grain structure leads to an increase in surface density of grain boundaries, which provide a positive supporting action in hindering the movement of dislocation and, therefore, preventing material removal [38] . The presence of coarse grains for AlSi9CuFe alloy reduces the surface density of grain boundaries and this is expected to reduce the material resistance. On the other hand, the presence of intermetallic particles with complex morphology is supposed to be beneficial since they cannot be easily dislodged from the metal matrix, reinforcing the primary phase and thus enhancing the alloy performances [20] . Hence, this suggests that intermetallic particles play a dominant role in comparison with that of grain size in defining cavitation erosion resistance. However, to confirm this assumption, the observation of eroded surfaces is a necessary step to provide a proper interpretation of the erosion mechanism. The effect of T6 heat treatment is presented in Fig. 6 , where the results for each alloy in as-cast condition are compared with the corresponding performance after heat treatment. As expected [14, [19] [20] , the heat treatment provides a beneficial effect on cavitation resistance since the mass loss diminishes of approximately 25 % for AlSi9 and of 17 % for AlSi9CuFe alloy. Particularly, the incubation period (Tab. 5) is clearly affected by the heat treatment. In fact, the uniform distribution of fine precipitates in the Al matrix hinders material removal resulting in a longer duration of the incubation stage for the alloys in T6 condition. Finally, it can be clearly noticed how the T6 treatment affects the maximum erosion rate, inducing a reduction of about 25% and 44% for the AlSi9 and AlSi9CuFe respectively. Table 5 : Incubation period, total mass loss and maximum erosion rate for the studied alloys.
The evolution of the erosion rate during the test is illustrated in Fig. 7 as a function of testing time. According to ASTM G32 [35] , it is possible to identify the five main stages of erosion, which are indicated as incubation, acceleration, maximum rate, deceleration and terminal stage. It is interesting to note that the first three phases take place in the first hour of testing for all the studied alloys, with a steep increase of erosion rate, which subsequently diminishes until it reaches quite constant values during the second half of the test. This indicates a tendency towards a linear erosion mechanism with a constant erosion rate, in the range of 1-3 mg/h, regardless the chemical composition and the hardness for the investigated Al-Si alloys. Since several authors proposed a correlation between mass loss and material hardness for alloys belonging to the same family, the corresponding values for the studied alloys were plotted, as shown in Fig. 8 . A fairly linear relationship between the two parameters can be observed, even though R 2 value is not optimal (0.95), confirming the general observation that a clear correlation cannot be stated [14] [15] . In order to thoroughly study the cavitation erosion mechanism, SEM analysis of eroded surfaces was carried out after various exposure duration. This it is necessary to identify the influence of microstructural parameters and provide a complete interpretation of the erosion mechanism.
Investigation of eroded surfaces: effect of Si content.
First, the effect of different Si content was investigated through the observation of the eroded surfaces of AlSi3, AlSi9 and AlSi9 T6 samples after short time exposures. Particularly, representative images after 2 minutes of testing are shown in Fig. 9 . It can be appreciated that AlSi3 alloy (Fig. 9a) exhibits the most deformed surface, with secondary phases emerging slightly from the surface due to the plastic deformation of the Al matrix, as confirmed by EDS analysis (Tab. 6). A similar behavior can be noticed for AlSi9 alloy (Fig. 9b) , where the abundant eutectic phase does not exhibit evident modification, while the Al matrix is affected by undulation due to plastic deformation. This is a confirmation that the Al matrix in the primary site for erosion, as reported in previous studies by the authors [9, 10] . As aforementioned, the strengthening of the Al matrix after heat treatment improves its cavitation erosion resistance [14, [19] [20] and, consequently, a low degree of plastic deformation is present on the surface of AlSi9 T6 sample (Fig. 9c) where, at this stage, it is not possible to distinguish between different phases. Table 6 : EDS analysis (wt. %) for SEM images in Fig. 9 .
After 5 min of testing, the morphology of eroded surfaces of AlSi3 and AlSi9 alloys (Fig. 10a-b ) are similar and a corrugation of the eutectic phase is now visible for AlSi9 alloy. On the other hand, after 5 min, the heat-treated sample (Fig. 10c) shows only a slight undulation of the surface. Nevertheless, in comparison with the previous analysis performed after shorter exposure time, some pits appeared due to the repetition of micro-jets. The slower erosion of AlSi9 T6 sample is consistent also with the higher incubation period, recorded from mass loss measurements (Tab. 5).
The influence of microstructure can be no longer observed after 30 min of cavitation exposure (Fig. 11) . In fact, at this stage, the erosion mechanism was already at an advanced stage and all the investigated alloys exhibited a certain mass loss ( Fig. 5-6 ). The corrugation of the eroded surfaces appears uniform and with a morphology that resembles that of ductile fracture [19] . Images at lower magnification are provided in Fig. 12 in order to appreciate the degree of damage after 8 h of testing. Large craters are visible for all the alloys. AlSi3 alloy exhibited the largest craters, while AlSi9 T6 sample was less damaged. The craters likely originated in correspondence of casting defects and then grew with consequent material removal due to fracture of the rim of the craters or flaking [1] . To summarize, at initial stages of erosion, the Al matrix is more prone to deformation, and subsequently erosion, in comparison with the eutectic phase, which is less affected by the load condition due to cavitation. This is especially evident for AlSi3 alloy since it is characterized by the highest area fraction of Al matrix. This is responsible for a larger material removal for AlSi3 alloy in comparison with AlSi9 alloy, despite their similar hardness and grain size. On the other hand, when the Al matrix is strengthened by the formation of precipitates due to heat treatment, the erosion process is delayed, resulting in an increase in incubation period and a decrease in total mass loss and maximum erosion rate.
Investigation of eroded surfaces: Effect of intermetallic particles.
Analogously, the eroded surfaces of AlSi9CuFe alloy in as-cast and heat-treated condition were evaluated in order to investigate the role of intermetallic particles. Since these compounds are characterized by the presence of elements with high atomic weight, images acquired in back-scattered mode are shown for easier detection of intermetallic particles.
After 2 min of cavitation test, besides the aforementioned different degree of plastic deformation of the Al matrix due to the heat treatment, intermetallic particles are clearly visible on the surface of both samples and appear unaffected by the erosion mechanism (Fig. 13 ). In order to better appreciate their influence, the same area was observed for AlSi9CuFe samples after 2 and 5 minutes of cavitation exposure (Fig. 14) . In particular, it was chosen an area where a crater was already present, likely due to a preexistent porosity. It can be seen that intermetallic particles located on the edge of the crater (white circles) are not removed by prolonged cavitation exposure, while material removal took place on the other sides of the crater itself, as indicated by arrows. As found also for other Al-Si alloys in a previous study [20] , intermetallic particles, especially with a complex morphology, can provide additional cavitation resistance, preventing material removal. As discussed for the other alloys, after 30 min of testing, a uniform material removal took place and it is not possible to identify a different deformation for diverse phases anymore (Fig. 15 ). Some intermetallic particles are visible on the damaged surface both in as-cast and heat-treated condition after 30 min of exposure, as well as after 8 h (Fig. 16 ). They likely belong to underlying areas of the alloy and are exposed after progressive material removal. In general, it is believed that their abundant presence hinders plastic deformation and material removal, at advanced stage of cavitation erosion, in agreement with the mass loss curves shown in Fig. 5 . Nevertheless, for AlSi9CuFe alloy, this contribution is not significantly affecting the incubation period, which is comparable to the values measured for AlSi3 and AlSi9 alloy, contrary to what found in a previous study by the authors [20] . This is likely due to the elongated morphology of the particles in AlSi9CuFe alloy. In fact, according to the experimental evidences [20] , coarse and polygonal intermetallic particles were responsible for longer incubation period, besides lower mass loss, in comparison with acicular compounds. In the present case, instead, intermetallic particles are very numerous, but their elongated shape can be responsible for stress concentration [39] and for their easier removal during erosion test in comparison with more rounded particles [40] . Furthermore, it is reported [41] that the direct method used in the present study accelerate the erosion mechanism in comparison with the indirect method used in the previous one. Therefore, this can lead to a general decrease in the incubation period and can make more difficult to identify differences between different alloys. 
CONCLUSIONS
he cavitation erosion resistance of three Al-Si alloys was studied in order to individuate the influence of microstructural parameters and material hardness. It was found that the increase in Si content, and therefore a larger eutectic phase, is beneficial to the alloy performance since this phase is less affected than the Al matrix by the cyclic load associated with bubbles collapse due to cavitation phenomenon. This especially leads to a decrease in total mass loss and maximum erosion rate. In addition, the strengthening of the Al matrix because of heat treatment delays material removal resulting in an increase in the incubation period, with consequent positive effect on the overall material performance. Finally, according to the findings, it is believed that intermetallic particles with complex morphology can provide an additional contribution to improve cavitation erosion resistance of the studied alloys, as demonstrated by the lowest total mass loss measured forAlSi9CuFe alloy. A general trend of decreasing total mass loss with increasing hardness was found, even if a linear correlation between these two parameters cannot be stated.
